The cores of active galactic nuclei (AGNs) are among the candidate sources of the IceCube neutrinos, but the underlying cosmic-ray acceleration processes are unclear. Based on the standard disk-corona picture of AGNs, we present a phenomenological model, in which protons are stochastically accelerated by turbulence from the magnetorotational instability. We show that this model can explain a large diffuse flux of about 30 TeV neutrinos if the cosmic rays carry a few percent of the coronal thermal energy. We find that the Bethe-Heitler process plays a crucial role in connecting these neutrinos and cascaded MeV gamma rays, and point out that the gamma-ray flux can be even enhanced by reacceleration of secondary pairs. Critical tests of the model are given by its prediction that a significant fraction of the MeV gamma-ray background correlates with the 10 TeV neutrino background, and nearby Seyfert galaxies should be seen by future MeV gamma-ray telescopes.
I. INTRODUCTION
The origin of cosmic neutrinos observed in IceCube is a major enigma [1, 2], which has been deepened by the latest results on high-and medium-energy starting events and shower events [3] [4] [5] . The atmospheric background of high-energy electron neutrinos is much lower than that of muon neutrinos, allowing us to investigate the data below 100 TeV [6, 7] . The comparison with the extragalactic gamma-ray background (EGB) measured by Fermi indicates that the extragalactic neutrino background (ENB) at 10 − 100 TeV energies originates from hidden sources preventing the escape of GeV-TeV gamma rays [8] .
Active galactic nuclei (AGNs) are major contributors to the energetics of high-energy cosmic radiations [9] ; radio quiet (RQ) AGNs are dominant in the extragalactic x-ray sky [10] [11] [12] [13] [14] , and radio loud (RL) AGNs including blazars give dominant contributions to the EGB [15] [16] [17] . AGNs may also explain the MeV gamma-ray background whose origin has been under debate (e.g., [18] [19] [20] ).
High-energy neutrino production in the vicinity of supermassive black holes (SMBHs) were discussed early on [21] [22] [23] [24] , in particular to explain x-ray emission by cosmic-ray (CR) induced cascades assuming the existence of high Mach number accretion shocks at the inner edge of the disk [24] [25] [26] [27] . However, cutoff features evident in the x-ray spectra of Seyfert galaxies and the absence of electron-positron annihilation lines ruled out the simple cascade scenario for the x-ray origin (e.g., [28, 29] ). In the standard scenario, the observed x rays are attributed to thermal Comptonization of disk photons [30] [31] [32] [33] [34] , and electrons are presumably heated in the coronal region [35, 36] . There has been significant progress in our understanding of accretion disks with the identification of the magnetorotational instability (MRI) [37, 38] , which can result in the formation of a corona above the disk as a direct consequence of the accretion dynamics and magnetic dissipation (e.g., [39] [40] [41] [42] [43] [44] [45] ).
Turbulence is also important for particle acceleration [46] . The roles of nonthermal particles have been studied in the context of radiatively inefficient accretion flows (RIAFs; [47, 48] ), in which the plasma is often collisionless because Coulomb collisions are negligible for protons (e.g., [49] [50] [51] [52] [53] [54] ). Recent studies based on numerical simulations of the MRI [55, 56] support the idea that high-energy ions might be stochastically accelerated by the ensuing magnetohydrodynamic (MHD) turbulence.
The vicinity of SMBHs is often optically thick to GeVTeV gamma rays, where CR acceleration cannot be directly probed by these photons, but high-energy neutrinos can be used as a unique probe of the physics of AGN cores. In this work, we present a concrete model for their high-energy emissions (see Fig. 1 ), in which spectral energy distributions (SEDs) are constructed from the data and from empirical relations. We compute neutrino and gamma-ray spectra, by solving both CR transport equations with the relevant energy losses and the resulting electromagnetic cascades of secondaries. We demonstrate the importance of future MeV gamma-ray observations for revealing the origin of IceCube neutrinos.
II. PHENOMENOLOGICAL PRESCRIPTION OF AGN DISK CORONAE
We construct a phenomenological disk-corona model based on the existing data. SEDs of Seyfert galaxies have been extensively studied, which consist of several components; radio emission (see Ref. [57] ), infrared emission from a dust torus [58] , optical and ultraviolet components from an accretion disk [59] , and x rays from a corona [31] .
The averaged SEDs are provided in Ref. [60] as a function of the Eddington ratio, λ Edd = L bol /L Edd , where L bol and L Edd are bolometric and Eddington luminosities, respectively. The well-known "blue" bump is attributed to multicolor blackbody emission from the geo- Protons are accelerated by turbulence generated by the MRI in coronae, and produce high-energy neutrinos and cascaded gamma rays via interactions with matter and radiation.
metrically thin, optically thick disk [61] . The spectrum is expected to have an exponential cutoff at ε disk,cut ≈ 2.8k B T disk , where
is the maximum effective temperature of the disk (e.g., [62] ). Here, M is the SMBH mass,Ṁ is the mass accretion rate, and R S = 2GM/c 2 is the Schwarzschild radius.
Assuming a standard disk, we useṀ ≈ L bol /(η rad c 2 ) with a radiative efficiency of η rad = 0.1. Although the spectra calculated by Ref. [60] extend to low energies, we only consider photons with ε disk > 2 eV because infrared photons would come from a dust torus.
X rays are produced via Compton upscattering by thermal electrons with T e ∼ 10 9 K. The spectrum can be modeled by a power law with an exponential cutoff. The photon index, Γ X , is correlated with the Eddington ratio as Γ X ≈ 0.167 × log(λ Edd ) + 2.0 [63] . The cutoff energy is also given by ε X,cut ∼ [−74 log(λ Edd ) + 1.5 × 10 2 ] keV [29] . The electron temperature is written as k B T e ≈ ε X,cut /2 for an optically thin corona. Then, assuming a slab geometry, the Thomson optical depth is given by τ T ≈ 10 (2.16−ΓX )/1.06 (k B T e /keV) −0.3 [29] . The x-ray luminosity L X is converted into L bol following Ref. [64] , and the SMBH mass can be estimated by [65] . The thus constructed SEDs are shown in Fig. 2 .
We expect the disk coronae to be characterized by two temperatures, i.e., T p ≫ T e [66, 67] (see Appendix). We assume that the thermal protons are at the virial temperature, T p ≈ GM m p /(3Rk B ), where R = rR S is the coronal size and r is the normalized radius. The normalized proton temperature is
1.5 . With the sound speed C 2 s ≈ k B T p /m p and Keplerian velocity V K = GM/R, the scale height is written as H ≈ (C s /V K )R, leading to a nucleon target density, n p ≈ τ T /(σ T H). The magnetic field is estimated by B ≈ 8πm p n p k B T p /β, where β is the plasma beta.
We summarize our model parameters in L X , β and r are the only remaining parameters. They are also constrained in a certain range by observations [68, 69] and numerical simulations [43, 45] . For example, recent MHD simulations show that β in the coronae can be as low as 0.1 − 10 (e.g., [39, 44] ). We assume β ∼ 1, and adopt r = 30 throughout this work.
III. STOCHASTIC ACCELERATION AND SECONDARY PRODUCTION IN CORONAE
For the disk coronae considered here, the infall and dissipation time scales are estimated to be t fall ≃ 2.5 × 10 6 s R 15 (αV K /4000 km s
, where α is the viscosity parameter [61] . The electron relaxation time via Coulomb collisions, t ee,rlx ∼ 1.6 × 10 3 s θ 3/2 e,−0.6 τ −1
T R 15 , is always shorter than t diss . The proton relaxation time is much longer, which can ensure two temperature coronae (see Appendix). These collisionallity arguments imply that turbulent acceleration is promising for not electrons but protons (although fast acceleration by small-scale reconnections might occur [70, 71] ). The situation is somewhat analogous to that in RIAFs, for which nonthermal signatures have been studied (e.g., [72] [73] [74] ).
We expect that protons are accelerated in the MHD turbulence. We compute steady state CR spectra by solving the following Fokker-Planck equation (e.g., [75] [76] [77] [78] ),
p−syn is the total cooling rate, t −1
is the escape rate, andḞ p,inj is the injection function (see Appendix [79] ). The stochastic acceleration time is given by t acc ≈ η(c/V A ) 2 (R/c)(ε p /eBR) 2−q , where V A is the Alfvén velocity and η is the inverse of the turbulence strength [80, 81] . We adopt q = 5/3, which is consistent with the recent MHD simulations [56] , together with η = 10. Because the dissipation rate in the coronae is expected to be proportional to L X , we assume that the injection function linearly scales as L X . To explain the ENB, the CR pressure required for L X = 10 44 erg s
turns out to be ∼ 1% of the thermal pressure, which is reasonable. We plot Fig. 2 , where V is the volume.
While the CRs are accelerated, they interact with matter and radiation modeled in the previous section, and produce secondary particles. Following Ref. [82, 83] , we solve the kinetic equations taking into account electromagnetic cascades. In this work, secondary injections by the Bethe-Heitler and pγ processes are approximately treated as ε
The resulting cascade spectra are broad, being determined by synchrotron and inverse Compton emission.
In general, stochastic acceleration models naturally predict reacceleration of secondary pairs populated by cascades [84] . The critical energy of the pairs, ε e,cl , is consistently determined by the balance between the acceleration time t acc and the electron cooling time t e−cool . We find that whether the secondary reacceleration occurs or not is rather sensitive to B and t acc . For example, with β = 3 and q = 1.5, the reaccelerated pairs can upscatter x-ray photons up to ∼ (ε e,cl /m e c 2 ) 2 ε X ≃ 3.4 MeV (ε e,cl /30 MeV) 2 (ε X /1 keV), which may form a gamma-ray tail. However, if ε e,cl < ∼ 1 MeV (for β = 1 and q = 5/3), reacceleration is negligible, and small-scale turbulence is more likely to be dissipated at high T p [85] .
IV. NEUTRINO BACKGROUND AND MEV GAMMA-RAY CONNECTION
We calculate neutrino and gamma-ray spectra for different source luminosities, and obtain the EGB and ENB through Eq. (31) of Ref. [91] . We use the x-ray luminosity function dρ X /dL X , given by Ref. [14] , taking into account a factor of 2 enhancement by Compton thick AGNs. Results are shown in Fig. 3 . Our RQ AGN core model can explain the ENB at ∼ 30 TeV energies if the CR pressure is ∼ 1% of the thermal pressure.
In the vicinity of SMBHs, high-energy neutrinos are produced by both pp and pγ interactions. The disk-corona model indicates τ T ∼ 1 (see Table 1 ), which leads to the effective pp optical depth f pp ≈ t esc /t pp ≈ n p (κ pp σ pp )R(c/V fall ) ∼ 2τ T (αV K /4000 km s −1 ) −1 . Note that V K is a function of M (and L X ). X-ray photons from coronae provide target photons for the photomeson production, whose effective optical depth [8, 92] 
is the attenuation cross section,ε ∆ ∼ 0.3 GeV, ε pγ−X = 0.5m p c 2ε ∆ /ε X ≃ 0.14 PeV (ε X /1 keV) −1 , and n X ∼ L X /(4πR 2 cε X ) is used. The total meson production optical depth is given by f mes = f pγ + f pp , which always exceeds unity in our model. Importantly, ∼ 10 − 100 TeV neutrinos originate from CRs with ∼ 0.2 − 2 PeV. Different from previous studies explaining the IceCube data [93, 94] , disk photons are irrelevant for the photomeson production because its threshold energy isε pγ−th ≃ 3.4 PeV (ε disk /10 eV) −1 . However, CRs in the 0.1-1 PeV range should efficiently interact with disk photons via the Bethe-Heitler process because the characteristic energy isε BH−disk = 0.5m p c 2ε BH /ε disk ≃ 0.47 PeV (ε disk /10 eV) −1 , wherē ε BH ∼ 10(2m e c 2 ) ∼ 10 MeV [95, 96] . Approximating the number of disk photons by n disk ∼ L bol /(4πR 2 cε disk ), the Bethe-Heitler effective optical depth [97] is estimated to be
whereσ BH ∼ 0.8 × 10 −30 cm 2 . The dominance of the Bethe-Heitler process is a direct consequence of the observed disk-corona SEDs, implying that the mediumenergy neutrino flux is suppressed by ∼ f mes /f BH .
The ENB flux is analytically estimated to be
where K = 1 and K = 2 for pγ and pp interactions, respectively, and ξ z ∼ 3 represents the redshift evolution of RQ AGNs. Eq. (2) is consistent with the numerical results presented in Fig. 3 . Here R p is the conversion factor from bolometric to differential luminosities, ξ CR is the CR loading parameter defined against the x-ray luminosity, and P CR /P th ∼ 0.01 corresponds to ξ CR ∼ 1 in our model. We find that the ENB and EGB are dominated by AGNs with L X ∼ 10 44 erg s −1 , at which the local number density is ρ X ∼ 3 × 10 −6 Mpc −3 [98]. The pp, pγ and Bethe-Heitler processes all initiate electromagnetic cascades, whose emission appears in the MeV range. Thanks to the dominance of the BetheHeitler process, RQ AGNs responsible for the mediumenergy ENB should contribute to > ∼ 10 − 30% of the MeV EGB. Possible reacceleration can enhance the MeV gamma-ray flux, and the MeV EGB could be explained if ∼ 0.1% of the pairs is injected into the reacceleration process. For comparison, models for RL AGNs ( [99, 100] for the EGB and [101] for the ENB) are also shown in Fig. 3 . This demonstrates that in principle the dominant portions of the EGB and ENB from MeV to PeV energies can be explained by the combination of RQ AGNs and RL AGNs. However, we also caution that other possibilities such as starburst galaxies are still viable [102] .
V. MULTIMESSENGER TESTS
Detecting MeV signals from individual Seyferts would be crucial for testing the model, which is challenging for existing gamma-ray telescopes. However, this would be feasible with future telescopes like eASTROGAM [103] , GRAMS [107] , and AMEGO [104] (see Fig. 4 ).
For luminous Seyfert galaxies, the fact that x rays come from thermal Comptonization suggests that the photon energy density is larger than the magnetic field energy density. In the scenario to explain 10-100 TeV neutrinos, secondary pairs are injected in the 100-300 GeV range and form a fast cooling ε −2 e spectrum down to MeV energies in the steady state. Thus, in the simple inverse Compton cascade scenario, the cascade spectrum is extended up to the break energy due to γγ → e + e − . In reality, both synchrotron and inverse Compton processes can be important. The characteristic frequency of synchrotron emission by Bethe-Heitler pairs is given by ε BH syn ∼ 0.8 MeV B 2.5 (ε p /0.5 PeV)
2 [83] . Because Fig. 4 is below the current IceCube sensitivity. Nearby Seyferts may be seen as point sources with IceCube-Gen2, but stacking analyses are more promising.
VI. SUMMARY AND DISCUSSION
We presented the results of a concrete model for RQ AGNs which can explain the medium-energy neutrino data. The disk-corona SEDs have been well studied, and known empirical relations enabled us to estimate model parameters, with which we solved the relevant transport equations and computed subsequent cascades consistently. The model is not only motivated from both observations and theories but it also provides clear predictions. In particular, the dominance of the Bethe-Heitler process is a direct consequence of the observed SEDs, leading to a robust MeV gamma-ray connection. Nearby Seyferts will be promising targets for future MeV gammaray telescopes such as eASTROGAM and AMEGO. A good fraction of the MeV EGB may come from RQ AGNs especially in the presence of secondary reacceleration, in which gamma-ray anisotropy searches should be powerful tools [108] . Neutrino multiplet and stacking searches with IceCube-Gen2 are also promising [98] .
The suggested tests are crucial for unveiling nonthermal phenomena in the vicinity of SMBHs. For lowluminosity AGNs, where the plasma density is low, direct acceleration may occur [109] and TeV gamma rays can escape [110] . However, in Seyferts, the plasma density is so high that a gap is not expected, and GeV-TeV gamma rays are blocked. Only MeV gamma rays can escape from the core region, and neutrinos serve as a smoking gun.
Our results strengthen the importance of further theoretical studies of disk-corona systems. Simulations on turbulent acceleration in coronae and particle-in-cell computations of acceleration via magnetic reconnections are encouraged in order to understand the CR acceleration in the disk-corona system. Global MHD simulations will also be relevant to examine other postulates such as accretion shocks [24, 25, 111, 112] or colliding blobs [113] and to reveal the origin of low-frequency emission that could come from the outer region of coronae [114, 115] . :1904.00554) . We thank for Yoshiyuki Inoue for discussions. Both works are independent and complementary, and there are notable differences. We consider stochastic acceleration by turbulence based on the disk-corona model rather than by accretion shocks. Also, we focus on the origin of 10-100 TeV neutrinos, for which the Bethe-Heitler suppression is critical. Third, we calculate CR-induced electromagnetic cascades, which is critical for testing the scenario for IceCube neutrinos. K.M. also thanks for the invitation to the AMEGO Splinter meeting held in January 2019, in which preliminary results of cascade emission were presented. 
Spectra of Nonthermal Protons
To obtain the spectrum of nonthermal protons, we solve the Fokker-Planck equation given in Eq. (1) using the Chang-Cooper method [77, 78] . The resulting spectra are shown in Fig. 2 . We tabulate the critical energy for protons, ε p,cl , at which the acceleration balances with loss processes in Table S1 . For a lower value of L X , the critical energy is higher owing to their lower loss rates. We consider two cases, which give similar proton spectra.
The dissipation rate in the coronae is expected to be proportional to L X , so we may write the injection function as,Ḟ
where ε inj is the injection energy and f inj is the injection fraction. The values of ε inj and f inj do not affect the resulting spectral shape as long as ε inj ≪ ε p,cl . For example, if we use ε inj = 1.5m p c 2 , the resulting spectrum is shown in Fig. 2 corresponds to f inj = 5 × 10 −8 . Note that f inj is larger as ε inj is higher. For ε inj < ε p ≪ ε p,cl , the stochastic acceleration mechanism predicts a very hard spectrum, dN CR /dε p ∝ ε 1−q p . For L X > ∼ 10 43 erg s −1 , owing to the inefficient escape processes, the accelerated particles pile up around ε p ∼ ε p,cut , which creates a hardening feature around ε p ∼ 0.1ε p,cl and a strong cutoff above ε p ∼ 2ε p,cl . Note that in our model the energy density of these nonthermal protons are much lower than that of the thermal protons: P CR /P th is of the order of 10 −2 for all the cases, where P CR = dε p (dn CR /dε p )ε p /3 and P th ≈ n p k B T p . Hence, these nonthermal protons do not affect the dynamical structure [52] . Even if primary electrons are not accelerated through the turbulence due to their efficient Coulomb losses, electron-positron pairs injected via hadronic processes and populated via electromagnetic cascades processes can be accelerated to higher energies without suffering from Coulomb losses [84] . Such high-energy pairs may rapidly cool down by synchrotron and inverse Compton emissions. In Seyferts, the energy of the dominant target photons for inverse Compton scatterings is around 1−10 eV, implying that the Klein-Nishina effect is unimportant at ε e < ∼ 100 − 300 GeV. If the secondary pairs can be accelerated by the turbulence, the acceleration and cooling is expected to balance at the critical energy, ε e,cl , and this effect is relevant if ε e,cl is higher than the energy of the thermal protons. The time scale of the reacceleration by the turbulence is given by Eq. (S6) above the thermal energy of protons, k B T p ∼ 5r 1.5 MeV. Below this energy, the turbulent power spectrum should become steeper due to kinetic effects [85] , and the reacceleration time is considerably longer than that by Eq. (S6).
The synchrotron cooling time scale is t e,sync ≈ 6πm e c σ T B 2 γ e ,
where γ e = ε e /(m e c 2 ) is the electron Lorentz factor. Then, the inverse Compton cooling time in the Thomson limit is estimated to be
where U γ is the target photon energy density. Note that the Klein-Nishina effect is taken into account in the calculations of photon spectra presented in the main text. We plot the time scales for high-energy pairs in Fig. S3 , where thin and thick lines are for the cases with and without reacceleration, respectively. For the case without reacceleration, ε e,cl < 1 MeV. When this energy is lower than the thermal energy of protons,the waves are expected to be dissipated, and the stochastic acceleration of electrons is unlikely in all the range of L X . For the case with reacceleration, the electrons can be maintained with energies between 6 − 22 MeV, depending on L X (see Table S1 ). For L X = 10 42 erg s −1 , the synchrotron cooling is more likely to be important, while for L X > ∼ 10 43 erg s −1 , the inverse Compton cooling is dominant. The critical electron energy, ε e,cl , at which the cooling and reacceleration balance with each other is lower for a higher value of L X due to the efficient inverse Compton cooling. When the critical energy is higher than the thermal proton temperature, the reacceleration can occur.
